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1 

In t roduc t ion  

I 

During t h e  l a s t  seve ra l  y e a r s ,  t h e  

phenomenon of e lectr ical  breakdown i n  vacuum 

understanding of  t h e  

has been g r e a t l y  advanced, 

I t  i s  now g e n e r a l l y  recognized t h a t  e lectr ical  breakdown between 

e l e c t r o d e s  i n  a c l e a n  environment is  i n i t i a t e d  by f i e l d  emission 

c u r r e n t s  drawn from submicroscopic p r o j e c t i o n s  on t h e  ca thode  s u r f a c e ,  

t h e  electric f i e l d  a t  these p r o j e c t i o n s  be ing  g r e a t l y  enhanced from 

t h a t  of t h e  asrerage e l e c t r i c  f i e l d  which would e x i s t  i n  t h e  absence of 

s u c h  p r o j e c t i o n s .  Although f i e l d  emission processes  were recognized 

e a r l y  as p o s s i b l e  mechanisms f o r  t h e  i n i t i a t i o n  of e l e c t r i c a l  break- 

down, q u a n t i t a t i v e  i d e n t i f i c a t i o n  was not f i r m l y  e s t a b l i s h e d  u n t i l  

t h e  i n v e s t i g a t i o n s  of Dyke,3 and then  only for t h e  p a r t i c u l a r  case of 

t h e  point- to-plane geometry of t h e  Miller4 f i e l d  emission microscope. 

For t h i s  geometry Dyke and h i s  co-workers c l e a r l y  demonstrated tha t  

electrical  breakdown was i n i t i a t e d  by f i e l d  emission c u r r e n t s  when t h e  

c u r r e n t  d e n s i t y  f r o m  t h e  poin t  tungsten cathode exceeded a c r i t i ca l  

v a l u e  of 10 a/cm The e l e c t r i c  f i e l d  s t r e n g t h s  necessary  t o  draw 

these c u r r e n t  densi t iesaa-e  of t h e  o r d e r  of 5-7x10 v/cm. 

1 

2 

8 2 

7 5 

Despi te  t he i r  d e f i n i t i v e  q u a l i t y ,  Dyke's r e s u l t s  d i d  not  seem 

c o n s i s t e n t  w i t h  r e s u l t s  ob ta ined  w i t h  o t h e r  e l e c t r o d e  geometr ies .  I n  

p a r t i c u l a r ,  f o r  broad a r e a  p a r a l l e l  e l e c t r o d e s  t h e  exper imenta l ly  

ob ta ined  electric f i e l d  s t r e n g t h s  were of t he  o r d e r  of 10 v/cm,l t w o  

o r d e r s  of magnitude lower than  those  found by Dyke. I n  add i t ion ,  t h e  

e lectr ic  f i e l d  s t r e n g t h s  a t  breakdown depended on gap spacing,6 a f a c t  

a t  v a r i a n c e  t o  any conceived mechanism involv ing  f i e l d  emission.  With 

5 
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these apparent  d i sc repanc ie s  

a p l e t h o r a  of o t h e r  t h e o r i e s  

s t a r t l i n g  r e s u l t s .  
1 

Reporting i n  1962, 

t o  a f i e l d  emission theo ry  of breakdown 

were advanced both  be fo re  and a f t e r  Dyke's 

7 Alpert  and Lee  analyzed t h e  experimental  

r e s u l t s  of Boyle, K i s l i u k  and Germer , '  who used c rossed  tungs t en  w i r e s  

a t  s h o r t  gap spac ings ,  and t h e  r e s u l t s  of Dyke and showed a p rev ious ly  

unrecognized agreement between these two i n v e s t i g a t i o n s :  e lectr ical  

breakdown occurred when t h e  e lectr ical  f i e l d  measured a t  t h e  f i e l d  

emission si tes exceeded t h e  c r i t i c a l  va lue  of 6.5X10 v/cm t o  w i t h i n  a 

s m a l l  experimental  e r r o r .  These f ind ings  were grea t ly  extended w i t h  

t h e  experimental  work of Alper t ,  Lee ,  Lyman and Tomaschke.' 

broad a r e a  e l e c t r o d e s  t h e y  v e r i f i e d  t h e  c r i t i c a l  f i e l d  c r i t e r i o n  f o r  

gap spac ings  up t o  6 mm and vol tages  up t o  250 kv. A s imilar  a n a l y s i s  

when app l i ed  t o  t h e  r e s u l t s  of Pivovar and Gordienko' and Ahern 

Chambers'' showed s u b s t a n t i a l  agreement f o r  a cons t an t  f i e l d  c r i t e r i o n  

f o r  e lectr ical  breakdown. 

7 

Using 

2 
and 

An e s s e n t i a l  f e a t u r e  of t h i s  breakdown c r i t e r i o n  is  t h e  

e x i s t e n c e  of submicroscopic p ro jec t ions  on t h e  s u r f a c e  of t h e  cathode.  

I t  has  long been recognized t h a t  such p r o j e c t i o n s  can  provide  f i e l d  

enhancements of up t o  s e v e r a l  thousand times t h e  f i e l d  i n  t h e  absence 

of the  p r o j e c t i o n s .  l1 

of such  p o i n t s  was provided by Boyle, K i s l i u k  and G e r m e r . 8  

s e rved  tha t  the  f i e l d  enhancements necessary t o  b r i n g  t h e i r  f i e l d  emis- 

s i o n  c u r r e n t  r e s u l t s  i n t o  agreement w i t h  t h e  Fowler-Nordheim theo ry  

w e r e  gap dependent.  A t  small  gaps approaching a f e w  wave l eng ths  of 

I n d i r e c t  experimental  evidence f o r  t h e  e x i s t e n c e  

They ob- 
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l i g h t  they  observed tha t  t h e  f i e l d  enhancement approached one. From 

t h i s  gap dependence they i n f e r r e d  t h e  e x i s t e n c e  of p o i n t s  r a t h e r  t h a n  

the  a l t e r n a t i v e  explana t ion  of exceedingly low work func t ions .  

Tomaschke, us ing  an e l e c t r o n  microscope and s u i t a b l e  small but  

neve r the l e s s  broad area tungs ten  e l e c t r o d e s  w a s  a b l e  t o  d i r e c t l y  

observe t h e  e x i s t e n c e  of p ro jec t ions  on t h e  e l e c t r o d e  su r face ,  i d e n t i f y  

t h e  prebreakdown emission as f i e l d  emission, and e s t a b l i s h  t h a t  t h e  

c r i t i c a l  f i e l d  c r i t e r i o n  w a s  app l i cab le .  Independently,  L i t t l e  and 

Whitney14 f o r  a v a r i e t y  of ma te r i a l s  observed i n  s i t u  t h a t  t h e  pre- 

breakdown emission occurred from submicroscopic p r o j e c t i o n s  averaging  

t w o  microns i n  l eng th .  Both experimenters v e r i f i e d  t h a t  every elec- 

12 

13 

-- 

t r ical  breakdown r e s u l t e d  i n  the removal of one o r  more emission s i tes .  

Subse-quently o t h e r  i n v e s t i g a t o r s  i d e n t i f i e d  t h e  e x i s t e n c e  

of p r o j e c t i o n s  on the s u r f a c e  of  t he  cathode.  I n  p a r t i c u l a r ,  Brodie  

and Weissman’’ us ing  a c y l i n d r i c a l  f i e l d  emission microscope were a b l e  

t o  i n f e r  t he  e x i s t e n c e  of pro jec t ions  by an  a n a l y s i s  of t h e  shapes of 

t h e  f i e l d  emission p a t t e r n s .  Pivovar and Gordienko by d i r e c t  observa- 

t i o n ,  appa ren t ly  w i t h  an  e l e c t r o n  microscope, were a b l e  t o  demonstrate  

t h e  e x i s t e n c e  of  p r o j e c t i o n s  roughly two microns long on t h e  molybdenum 

ca thodes  of t h e i r  e l e c t r o d e s .  The number of p r o j e c t i o n s  on broad a r e a  

e l e c t r o d e s  has been observed t o  be of t h e  o rde r  o f - 5 0  t o  100 pe r  squa re  

cen t ime te r  by t h e  aforementioned i n v e s t i g a t o r s  and by S inge r  and 

Dool i t  t leI6 us ing  pin-hole  x-ray camera equipment. 

9 

A t  p re sen t  the circumstances of product ion  of p r o j e c t i o n s  

on t h e  s u r f a c e  of t h e  e l e c t r o d e s  h a s  not  been f u l l y  i n v e s t i g a t e d .  
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However, c e r t a i n  processes  which r e s u l t  i n  t h e  product ion  of projec-  

t i o n s  have been isolated.  Without ques t ion  t h e  machining and handl ing 

of t h e  e l e c t r o d e s  b e f o r e  i n s e r t i o n  i n t o  t h e  vacuum s y s t e m  accounts  f o r  

many p r o j e c t i o n s .  Addi t iona l ly ,  Tomaschke13 has  noted s e v e r a l  methods 

for  producing p r o j e c t i o n s  p r i o r  t o  and dur ing  e lec t r ica l  breakdown. 

I3rodieI7 has witnessed apparent  whisker growth by t h e  d e p o s i t i o n  of 

impur i ty  materials from an a u x i l i a r y  thermionic  emitter. Pivovar and 

Gordienko' have noted a p a r t i c u l a r l y  unusual case of t h e  product ion of 

whiskers  i n  an electrical  breakdown experiment.  During t h e  process  of 

thoroughly outgass ing  t h e i r  molybdenum e l e c t r o d e s  a t  2000 C, they sub- 

sequen t ly  found t h a t  a p ro fus ion  of very sha rp  p r o j e c t i o n s  had been 

formed. An a n a l y s i s  of the i r  da ta  i n d i c a t e s  t h a t  these whiskers en- 

hanced t h e  electric f i e l d  by as much as 100 t o  4000 t i m e s .  I t  seems 

reasonab le  t h a t  these whiskers  grew i n  t h e  i n t e r v a l  immediately a f t e r  

ou tgass ing  when t h e  thermal stresses were l a rge ,  and t h e  s u b s t r a t e  w a r m .  

0 

Thus t h e  cons t an t  f i e l d  c r i t e r i o n  f o r  electrical breakdown 

is  f i r m l y  e s t a b l i s h e d .  It  seems apparent t h a t  e lectr ical  breakdown f o r  

c l e a n  tungs t en  e l e c t r o d e s  i n  an u l t r ah igh  vacuum environment i s  a f i e l d -  

e m i s s i o n - i n i t i a t e d  phenomenon where t h e  emission occurs  from submicro- 

s c o p i c  p r o j e c t i o n s  on the  s u r f a c e  of the  cathode.  A t  breakdown t h e  

l o c a l l y  enhanced f i e l d  a t  these p ro jec t ions  i s  a cons t an t  t o  wi th in  

exper imenta l  e r r o r  as determined from the  breakdown v o l t a g e  and an 

a n a l y s i s  of t he  prebreakdown vol tage-cur ren t  r e l a t i o n s h i p .  This  c r i t -  

i ca l  va lue  of e lec t r ic  f i e l d  is  6.5X10 v/cm f o r  t ungs t en  independent 

of t h e  t o t a l  v o l t a g e  between t h e  e l ec t rodes  o r  of the macrogeometry of 

7 
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t h e  e l e c t r o d e  su r faces .  The resul ts  of f o u r  independent i n v e s t i g a t o r s  

are  summarized i n  F igure  1. These r e su l t s  demonstrate  t h a t  when prop- 

e r l y  analyzed e lec t r ica l  breakdown occurs  a t  cons t an t  e lectr ic  f i e l d  

f o r  t h e  n e a r l y  f i v e  o rde r s  of magnitude of e l e c t r o d e  spacing i n v e s t i g a t e d .  

T r a n s i t i o n  Mechanism: Cathodic or Anodic? 

The c r i t e r i o n  t h a t  breakdown w i l l  ensue whenever t h e  e lec t r ic  

f i e l d  a t  the  s u r f a c e  of a cathode p r o j e c t i o n  exceeds a c r i t i c a l  va lue  

seems of t echno log ica l  i n t e r e s t  r a t h e r  t han  a fundamental r e s u l t  i n  t h e  

s e n s e  t h a t  it does not  d i r e c t l y  i d e n t i f y  t h e  i n i t i a t o r y  event  a t  which 

t h e  t r a n s i t i o n  t o  breakdown cu r ren t  occurs .  I t  was recognized t h a t  

t h i s  c r i t e r i o n  could  not  of i t s e l f  b e  used t o  exc lude  t h e  anode from 

play ing  a role i n  t he  i n i t i a t o r y  event .  
7 However, t h e  agreement i n  

t h e  experimental  r e s u l t s  summarized i n  F igu re  1 i s  i n  i t s e l f  a persua- 

s i v e  argument t h a t  t h e  cathode i s  t h e  i n i t i a t o r y  s u r f a c e ,  These re- 

s u l t s  c l e a r l y  i n d i c a t e  t h a t  t h e  breakdown f i e l d  i s  independent of a l l  

geometr ica l  cons ide ra t ions .  Geometries i n  which t h e  role of t h e  anode 

3 
is c l e a r l y  excluded, as i n  t h e  point- to-plane i n v e s t i g a t i o n s  of Dyke, 

have t h e  same breakdown f i e l d  as the  broad-area,  short-gap e l e c t r o d e  

i n v e s t i g a t i o n s  i n  which t h e  r o l e  of t he  anode cannot be obviously d is -  

missed. From these cons ide ra t ions  a l o n e  it seems p l a u s i b l e  t o  assume 

t h a t  t h e  ca thode  s u r f a c e  is indeed t h e  i n i t i a t o r y  su r face .  

There i s  a d d i t i o n a l  i n d i r e c t  evidence which suppor t s  t h e  

c o n t e n t i o n  t h a t  t h e  cathode su r face  is t h e  i n i t i a t o r y  s u r f a c e .  

Tomaschke,13 and independent ly  L i t t l e  and Whitney,14 as w e l l  as 
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F i g u r e  1. Summary of t h e  R e s u l t s  of Four Independent I n v e s t i g a t o r s  for 
Local Electric F i e l d  at Breakdown. 
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Brodie,17 f i n d  

emission sites 

s u r f a c e  is  t h e  

tha t ,co inc ident  with e lec t r ica l  breakdown, one o r  more 

is always destroyed. The conclus ion  t h a t  t h e  ca thode  

i n i t i a t o r y  s u r f a c e  is also c o n s i s t e n t  w i t h  t h e  exper i -  
a 
d mental f i n d i n g s  of Pivovar and Gordienko. I n  their  experiments  t hey  

found t h a t  imposing a t r a n s v e r s e  magnetic f i e l d  s u f f i c i e n t l y  s t r o n g  t o  

prevent  t h e  f i e l d  emission cur ren t  from s t r i k i n g  t h e  anode s u r f a c e  d i d  

not m a t e r i a l l y  improve t h e  vol tage-holding c a p a b i l i t i e s  of t h e  elec- 

t r o d e s .  

n i c k e l  t h e  ca thode  marks which r e s u l t  from t h e  breakdown p rocess  are 

n e a r l y  i d e n t i c a l ,  independent of e l e c t r o d e  geometry. The cathode marks 

found on a n i c k e l  w i r e  cathode of a c y l i n d r i c a l  f i e l d  emiss ion  micro- 

scope were i n d i s t i n g u i s h a b l e  from t h e  ca thode  marks found on a n icke l  

broad area cathode.  

F i n a l l y ,  i n  a r ecen t  paper by Brodie," i t  i s  shown t h a t  f o r  

But even f o r  larger gap spac ings  up t o  6 mm, where f i e l d  

emiss ion  techniques  have been used f o r  broad area e l e c t r o d e s ,  t h e  

experimental  r e s u l t s  tend  t o  support  a f i e l d  emiss ion  mechanism. For 

such  gaps,  it i s  found t h a t  t h e  voltage-holding c a p a b i l i t y  i n c r e a s e s  

and the  background c u r r e n t  decreases  when a gas  is  introduced'' i n t o  

the  gap spac ing  a t  a p re s su re  of the  o rde r  of 10 Torr .  The only 

p l a u s i b l e  exp lana t ion  t h u s  f a r  presented f o r  t h i s  e f f e c t  is a s s o c i a t e d  

w i t h  t h e  s e l e c t i v e  d e s t r u c t i o n  of ca thode  p r o j e c t i o n s  by i o n  bombard- 

ment. S i m i l a r l y ,  t h e  experimental  r e s u l t s  of Murray us ing  hot g l a s s  

ca thodes  and Rohrbach" and Jeydnck'l us ing  coa ted  ca thodes  (coated 

w i t h  h igh  d i e l e c t r i c s  t o  reduce t h e  cathode f i e l d s )  t o  o b t a i n  h ighe r  

breakdown v o l t a g e s  are c o n s i s t e n t  w i t h  a c a t h o d e - i n i t i a t i n g  event .  

- 4  
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W e  are not  aware of experimental  r e s u l t s  which support  t h e  

con ten t ion  t h a t  t h e  anode i s  involved i n  t h e  breakdown t r a n s i t i o n  t o  

h igh  c u r r e n t s .  No process  has been p o s t u l a t e d  which can g e n e r a t e  i o n s  

i n  s u f f i c i e n t  numbers t o  d i r e c t l y  i n c r e a s e  t h e  i n t e r e l e c t r o d e  c u r r e n t  

by t h e  o r d e r s  of magnitude necessary i n  t h e  t r a n s i t i o n . 2 2  For some 

experiments ,  t r a n s i t i o n  t i m e  cons ide ra t ion  would seem t o  prevent  t h e  

anode from even augmenting t h e  f i e l d  emission c u r r e n t  through any known 

space  charge mechanism. P a r t i c u l a r l y  t h e  c a l c u l a t i o n s  of K i s l i u k  

i n d i c a t e  t h a t  t h e  i n c r e a s e  i n  f i e l d  emission c u r r e n t  due t o  t h e  close 

approach of s i n g l e  ions  t o  t he  cathode s u r f a c e  i s  e s p e c i a l l y s m a l l  f o r  l a r g e  

gaps.  Mechanisms invo lv ing  the vapor i za t ion  of t h e  anode material 

by f i e l d  emiss ion  c u r r e n t s  followed by gas  breakdown i n  t h e  vapor do 

not  s e e m  p l a u s i b l e .  Experiments i n  e l e c t r o n  beam welding" i n d i c a t e  

t ha t  e l e c t r o n  beams may have pene t r a t ion  depths  o rde r s  of magnitude 

longer  than  t h o s e  p red ic t ed  by Waddington's l a w 2 7  f o r  s i n g l e  e l e c t r o n s .  

These experimental  r e s u l t s  b r i n g  i n t o  s e r i o u s  ques t ion  t h e  v a l i d i t y  of 

t h e  c a l c u l a t i o n s  of t h e  amount of gas vapor evaporated from t h e  anode. 

Add i t iona l ly ,  no secondary e f f e c t s  of t h i s  gas  c loud,  such as t h e  

condensa t ion  of t h e  vapor on o ther  s u r f a c e s ,  have been noted i n  t h e  

1 it erat u r e  . 

23 24 

25 

I n  summary, t h e r e  seems t o  b e  s t r o n g  evidence t h a t  t h e  

ca thode  is t h e  i n i t i a t o r y  sur face ,  and conversely,  l i t t l e  evidence 

t h a t  would demand or even al low t h e  anode t o  take p a r t  i n  t h e  

t r a n s i t i o n  t o  breakdown. 
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A Review of Cathode T r a n s i t i o n  Mechanisms 

From t h e i r  r e s u l t s  i n  t h e  point- to-plane geometry, Dolan, 

Dyke and Trolan28 c a l c u l a t e d  t h a t  t h e  f i e l d  emission c u r r e n t  d e n s i t i e s  

j u s t  p r i o r  t o  breakdown were s u f f i c i e n t  t o  m e l t  t h e  ca thode  p r o j e c t i o n .  

Dyke,' et a l . ,  proposed a r egene ra t ion  scheme whereby t h e  ca thode  cur- 

r e n t  i s  g r e a t l y  increased  through the  c r e a t i o n  of p o s i t i v e  i o n s  by 

e l e c t r o n  impact processes  i n  t h e  metall ic vapor evaporated a t  t h e s e  

e l eva ted  temperatures .  It  does not seem reasonable  t h a t  t h i s  process  

could  b e  a gene ra l  process  applying t o  a l l  materials. Not only i s  

t h e r e  no d i s c o n t i n u i t y  i n  t h e  vapor p r e s s u r e  a t  t h e  mel t ing  poin t ,  but  

there are o r d e r s  of magnitude d i f f e r e n c e  i n  t h e  vapor p re s su res  of 

common materials a t  t h e i r  mel t ing p ~ i r r t s . ~ ~  Furthermore, t h e  exper i -  

ments of GorkovB0 i n  which t h e  f i e l d  emission 

- 4  
g a t e d  a t  h igh  p res su res ,  of t h e  o rde r  of 10 

t h a t  t h e  nega t ive  space  charge found i n  f i e l d  

experiments  could b e  neu t r a l i zed .  

processes  were i n v e s t i -  

T o r r ,  gave no evidence 

emission microscope 

Vibrans3' has analyzed the temperature-f i e l d  emiss ion  process  

i t s e l f  and has shown i t  t o  be uns tab le .  H e  p o i n t s  ou t  t h a t  t h e  f i e l d  

emiss ion  c u r r e n t  i n c r e a s e s  t h e  temperature  a t  t h e  s u r f a c e  of t h e  pro- 

j e c t i o n  through ohmic hea t ing ,  and t h i s  i n c r e a s e  i n  t h e  tempera ture  

i n c r e a s e s  t h e  c u r r e n t  through thermal emission processes .  The process  

so envis ioned  is  uns tab le ,  leading t o  a r a p i d  bui ldup  of t h e  c u r r e n t .  

However, Vibrans d i d  not  take i n t o  c o n s i d e r a t i o n  coo l ing  from t h e  

Nottingham effect'2 which w i l l  tend t o  s t a b i l i z e  t he  temperature  of 

t h e  s u r f a c e  t o  a va lue  dependent s o l e l y  on t h e  f i e l d .  Experiment a l s o  
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argues a g a i n s t  t h e  phenomenon s i n c e  f i e l d  emiss ion  has been shown t o  

be  s t a b l e  and r ep roduc ib le  up t o t h e  po in t  of breakdown. A t  these 

high f i e l d s  t h e  c u r r e n t  does n o t  depend s t r o n g l y  on temperature .  How- 

ever ,  there may be  cases i n  w h i c h  the Vibrans model can  be  shown t o  

dominate over  t h e  coo l ing  e f f e c t s  of t h e  Nottingham process .  An example 

i s  t h e  case of long whiskers  i n  w h i c h  s u f f i c i e n t  ohmic hea t ing  can 

occur  a t  l o w  f i e l d s  t o  overcome t h e  Nottingham effect .  

A Suggested T r a n s i t i o n  Mechanism 

An a l t e r n a t i v e  mechanism for  t h e  i n i t i a t o r y  event  has been 

sugges ted  by Alper t ,  Lee ,  Lyman and Tomaschkel i n  which t h e  f i e l d  

emiss ion  c u r r e n t s  heat t h e  p r o j e c t i o n  up t o  a temperature ,  perhaps t h e  

me l t ing  temperature ,  where t h e  mechanical s t r e n g t h  of t h e  p r o j e c t i o n  

f a i l s .  They p o s t u l a t e  t h a t  t h e  p ro jec t ion  t h e n  becomes s t r o n g l y  un- 

s tab le  and t h e  e l e c t r o d e  material begins  t o  move i n t o  t h e  gap  under 

t h e  a c t i o n  of t h e  s t r o n g  e l e c t r i c a l  forces. This  process  could  e i ther  

g r e a t l y  enhance t h e  electric f i e l d  a t  t h e  s u r f a c e  or i n c r e a s e  t h e  

e m i t t i n g  area, or both,  r e s u l t i n g  i n  a l a r g e  i n c r e a s e  i n  t h e  f i e l d  

c u r r e n t s .  I t  i s  suggested t h a t  t h i s  p rocess  can  l e a d  t o  a s i t u a t i o n  

c l o s e l y  p a r a l l e l i n g  t h e  exploding w i r e  experiments  of Tucker. 33 I n  

these experiments  c u r r e n t  d e n s i t i e s  comparable t o  t h o s e  obta ined  i n  

f i e l d  emiss ion  experiments m e l t  and vapor i ze  t h e  w i r e  i n  a nanosecond's 

t i m e .  If i n  a n  analogous manner the p r o j e c t i o n  m e l t s  and vapor izes ,  

t h e n  it is  s e e n  t h a t  cond i t ions  a re  e s t a b l i s h e d  tha t  are i d e a l l y  s u i t e d  

fo r  the  t r a n s i t i o n  t o  a low-voltage, h igh-cur ren t  arc. 
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T h i s  mechanism i s  c o n s i s t e n t  w i t h  t he  experimental  breakdown 

resul ts  obta ined  from f i e l d  emission microscope s t u d i e s  w i t h  t ungs t en  

cathodes.  Mechanical f a i l u r e  a t  t h e  mel t ing  po in t  is a r easonab le  

assumption f o r  tungs ten ,  s i n c e  breakdown f i e l d s  f o r  t ungs t en  are sub- 

s t a n t i a l l y  less than  t h e  f i e l d  s t r e n g t h s  of 6X108 v/cm necessary  f o r  

t h e  r u p t u r e  of  t h e  poin t  anodes of f i e ld - ion  microscopes. 34 

The C a l c u l a t i o n  of t h e  C r i t i c a l  F i e ld  f o r  Tungsten 

I t  remains t o  r e c o n c i l e  the  experimental  f a c t  t h a t  breakdown 

occurs  a t  a more or less cons tan t  e l e c t r i c a l  f i e l d  w i t h  t h e  proposed 

mel t ing  mechanism f o r  electrical breakdown. A t  f i r s t  glance,  i t  would 

seem t o  fo l low t h a t  i f  breakdown occurs  a t  cons t an t  f i e l d  then  a l l  of 

t h e  p r o j e c t i o n s  on t h e  cathode su r face  should look more or less a l i k e ;  

a conclus ion  d i r e c t l y  r e f u t e d  by our experiments.  To i n v e s t i g a t e  t h i s  

seemingly c o n t r a d i c t o r y  conclusion w e  have analyzed t h i s  proposed 

mechanism f o r  e lec t r ica l  breakdown by conduct ing a computer a n a l y s i s  

t o  determine t h e  f i e l d  necessary t o  b r i n g  i d e a l i z e d  p r o j e c t i o n  shapes 

t o  a c r i t i c a l  temperature .  I t  i s  shown tha t  f o r  a v a s t  v a r i e t y  of 

emitter sizes and shapes,  roughly corresponding t o  those  exper imenta l ly  

observed, e lectr ical  breakdown w i l l  occur by t h e  proposed mechanism 

f o r  e lec t r ic  f ie lds  i n  a range wi th in  t h e  experimental  e r r o r  a s s o c i a t e d  

w i t h  t h e  experiments  summarized i n  F i g u r e  1. 

I n  t h e  course  of car ry ing  ou t  t h e s e  c a l c u l a t i o n s ,  s e v e r a l  

more a c c u r a t e  approximations fo r  t h e  f i e ld - t empera tu re  dependent elec- 

t r o n  emission were found i n  t h e  l i t e r a t u r e .  Numerical c a l c u l a t i o n s  

c 
I 
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based on these new approximations have not p rev ious ly  been made. Supple- 

mentary c a l c u l a t i o n s  r ep resen t ing  s m a l l  c o r r e c t i o n s  t o  f i e ld - t empera tu re  

emission and t h e  Nottingham c r i t i c a l  temperature  are  a l s o  given.  

I t  i s  recognized t h a t  t h e  mel t ing  of t h e  p r o j e c t i o n  i s  

p r i n c i p a l l y  due t o  t h e  f i e l d  emission c u r r e n t s .  Before w e  c a l c u l a t e  

t h e  c r i t i c a l  f i e l d  necessary  t o  melt t h e  p ro jec t ions ,  w e  w i l l  b r i e f l y  

review both  t h e  f i e l d  emission theory and t h e  Nottingham e f f e c t .  

A .  Combined Temperature and F i e l d  Dependent Emission. 

F i e l d  emission was recognized by Fowler and NordheimS5 as a 

quantum mechanical problem i n  which t h e  e l e c t r o n s  of t h e  conduction 

band are p ic tu red  as t u n n e l l i n g  through t h e  f i e l d  reduced p o t e n t i a l  

b a r r i e r  of t h e  metal as can be seen i n  F igu re  2. Fowler and Nordheim, 

us ing  t h e  energy d i s t r i b u t i o n  of t h e  e l e c t r o n s  w i t h i n  t h e  conduct ion 

band as a func t ion  of temperature  found by Sommerfield, c a l c u l a t e d  t h e  

ra te  of a r r i v a l  of e l e c t r o n s  a t  t h e  boundary. Upon c a l c u l a t i n g  t h e  

t ransparency  of t h e  boundary as a f u n c t i o n  of  energy, t hey  found tha t  

by t a k i n g  t h e  low temperature  l i m i t  they  could o b t a i n  i n  c losed  form 

t h e  f ield-dependent c u r r e n t  dens i ty .  Fowler and Nordheim combined as 

a f i n a l  r e s u l t  the fo l lowing  expression f o r  t he  dependence of c u r r e n t  

d e n s i t y  J on electric f i e l d :  36 

where E i s  t h e  e lec t r ic  f i e l d  a t  t h e  cathode su r face ,  Cp i s  t h e  work 

f u n c t i o n  of t h e  cathode ma te r i a l ,  and v and t a r e  s lowly vary ing  
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Figure 2. Schematic Diagram of Field Emission. The conduction electrons 
are pictured as tunneling through the field-reduced potential 
barrier e 
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- 4  4 f u n c t i o n s  of t h e  v a r i a b l e  y = (sd79X10 

cons t an t  over  t h e  u s e f u l  range of measurements of t he  c u r r e n t  d e n s i t y ,  

E ) /cp ,  which a r e  almost 

Temperature c o r r e c t i o n s  t o  f i e l d  emission have been made by 

Dyke,37 B r ~ d i e , ~ ~  and Gorkov, El inson and Yakovleva. 39 

v a l i d i t y  of t h e s e  c o r r e c t i o n s  i s  i n  some ques t ion  a t  t empera tures  and 

f i e l d s  where s i g n i f i c a n t  e l e c t r o n  popula t ions  e x i s t  a t  energy l e v e l s  

near  and above the he ight  of t h e  f i e l d  reduced p o t e n t i a l  barrier. A t  

these energy l e v e l s  their  approximations f o r  t h e  t r anspa rency  of the 

b a r r i e r  g i v e  u n i t y  p r o b a b i l i t y  fo r  emission which i n  essence  t r e a t s  

the  e l e c t r o n  as a c l a s s i c a l  p a r t i c l e .  

However, t he  

Murphy and Good,40 using a more gene ra l  form f o r  t h e  t r a n s -  

parency of t h e  b a r r i e r  as a func t ion  of e l e c t r o n  energy, found by 

Kemble,41 have de r ived  expressions f o r  t he  combined temperature-f  i e l d  

emiss ion  more a c c u r a t e  a t  a l l  temperatures  and f i e l d s .  I n  p a r t i c u l a r ,  

Murphy and Good have shown t h a t  t h e i r  express ions  g i v e  a s  l i m i t i n g  

c a s e s  f i e l d  emission and thermal  emission.  

It  is  not  t h e  i n t e n t i o n  h e r e i n  t o  g i v e  complete d e r i v a t i o n s  

o f t h e  p a r t i c u l a r  r e s u l t s  s i n c e  the  r e a d e r  f o r  himself may consu l t  t h e  

r e f e r e n c e s  for  t h i s ,  bu t  rather t o  g i v e  t h o s e  r e s u l t s  necessary  t o  

c a l c u l a t e  the combined tempera ture- f ie ld  emission. The energy d i s t r i -  

b u t i o n  of t he  e l e c t r o n s  i n  t h e  metal i s  such t h a t  N(w) e l e c t r o n s  pe r  

second i n  the  energy range  dw a r r i v e  a t  t h e  boundary of the metal .  

Fowler and Nordheim formula te  N(w) as fo l lows :  

log (1 + exp - w+(p 47TmkT N(w) = - 
h kT 3 
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where m i s  t h e  m a s s  of t h e  e lec t ron ,  

k i s  t h e  Boltzmann constant ,  

T i s  t h e  temperature  i n  K, 

h is  Planck ' s  cons t an t ,  

cp i s  t h e  work func t ion .  

0 

Now t h e  p r o b a b i l i t y  D(w) that  a n  e l e c t r o n  p e n e t r a t e s  t he  f i e l d -  

reduced b a r r i e r  a and escapes as formulated by Murphy and Good is:  

1 D(w) = 

where h i s  h/wT, 

F i s  t h e  e lectr ic  f i e l d ,  

v (y )  is a func t ion  of t h e  complete E l l i p t i c  I n t e g r a l s .  

f o r  0 < y < 1.0. 

8 3 3 3 v(y)  = -(y/2)' - 2E[(y-1) /(2y) 1 + (y+l)K[(y-l)  /(2y) 1 

where K(k) and E(k) are t h e  complete E l l i p t i c  I n t e g r a l s  of t h e  f i r s t  

and second kind,  r e s p e c t i v e l y .  

The  c u r r e n t  d e n s i t y  f o r  a p a r t i c u l a r  temperature  and f i e l d  

i s  found by numerical ly  i n t e g r a t i n g  t h e  product of N(w) and D(w) over  

t h e  energy range  w i t h i n  t h e  metal:  

0 

j = e D ( w ) N ( w ) d w  
-03 
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where 

j i s  t h e  c u r r e n t  dens i ty ,  

e i s  t h e  e l e c t r o n i c  charge, 

w i s  the  energy of t h e  inc iden t  e l e c t r o n ,  

D(w) i s  t h e  t r ansmiss ion  c o e f f i c i e n t ,  

N(w) i s  t h e  f l u x  of e l e c t r o n s  i n c i d e n t  t o  t h e  s u r f a c e .  

The r e s u l t s  of t h e  c a l c u l a t i o n s  are  g iven  i n  F igu re  3, 

where t h e  common logar i thm of t h e  c u r r e n t  d e n s i t y  is  g iven  as a 

f u n c t i o n  o f  both t h e  electric f i e l d  and the  temperature .  

B. The Nottingham E f f e c t  

One of t h e  fundamental assumptions of t h e  f i e l d  emission 

c a l c u l a t i o n  is  t h a t  t h e  e l e c t r o n  d i s t r i b u t i o n  w i t h i n  t h e  metal is  

t h e  s t e a d y - s t a t e  d i s t r i b u t i o n  found by us ing  Fermi-Dirac s ta t i s t ics .  

This  is  a r easonab le  assumption s i n c e  even a t  t h e  h ighes t  c u r r e n t  

d e n s i t i e s  found exper imenta l ly  only a s m a l l  percentage  of the  elec- 

t r o n s  i n  the metal which strike t h e  barr ier  also p e n e t r a t e  i t .  

N ~ t t i n g h a m ~ ~  recognized t h a t  when the  emit ted e l e c t r o n s  are r ep laced  

i n  t h e  d i s t r i b u t i o n  w i t h i n  the  metal an  energy exchange p rocess  de- 

ve lops  between t h e  c r y s t a l  l a t t i c e  and t h e  e l e c t r o n  d i s t r i b u t i o n .  

P o s t u l a t i n g  t h a t  t h i s  e l e c t r o n  must come from t h e  Fermi l e v e l ,  

Nottingham p r e d i c t e d  t h a t  t h e  emission c u r r e n t  may e i ther  heat or coo l  

t h e  s u r f a c e  depending on whether t h e  m a j o r i t y  of t h e  emi t t ed  e l e c t r o n s  
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Figure 3. Field Emission Current Density as a Function of Field 
and Temperature. 
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come from below t h e  Fermi l e v e l  or from above i t .  Thus i f  t h e  emi t ted  

e l e c t r o n  comes from below t h e  Fermi l e v e l ,  t h e  e l e c t r o n  from t h e  Fermi 

l e v e l  used t o  f i l l  t h i s  vacancy gives  up energy t o  t h e  l a t t i c e  l ead ing  

t o  Nottingham hea t ing .  A l t e rna t ive ly  when the  e l e c t r o n  is  emi t ted  from 

above t h e  Fermi l e v e l ,  t h e  l a t t i c e  must supply t h e  energy necessary  t o  

e x c i t e  an e l e c t r o n  from the  Fermi l e v e l  t o  r e p l a c e  t h e  emi t ted  e l e c t r o n ,  

t hus  l ead ing  t o  Nottingham cool ing of t h e  s u r f a c e .  

These e f f e c t s  can  c l e a r l y  be  seen  i n  t h e  i n t e r p r e t a t i o n  of 

t h e  normalized c u r r e n t  d e n s i t i e s  i n  Figures  4 and 5. Here t h e  emi t ted  

e l e c t r o n  energy d i s t r i b u t i o n s  a r e  p l o t t e d .  They are  obta ined  by 

e v a l u a t i n g  a t  a g iven  temperature  and f i e l d  t h e  product of t h e  t r ans -  

parency of t h e  b a r r i e r  D(w) and t h e  r a t e  of a r r i v a l  N(w) used i n  the  

l a s t  s e c t i o n  t o  determine the c u r r e n t  d e n s i t y .  Although the  a c t u a l  

c u r r e n t  d e n s i t i e s  d i f f e r  by orders  of magnitude i t  is  only t h e  symmetry 

wi th  r e s p e c t  t o  the Fermi l e v e l  which w i l l  determine whether the 

Nottingham effect  w i l l  be  hea t ing  or cool ing .  The magnitude of t h e  

e f f e c t  neve r the l e s s  w i l l  depend on t h e  magnitude of t h e  c u r r e n t  dens i ty .  

Consider F igure  4 i n  which  t h r e e  d i f f e r e n t  e l e c t r o n  d i s t r i -  

bu t ions  f o r  t h e  same temperature  but  d i f f e r i n g  f i e l d s  are shown. I t  

w i l l  be seen  t h a t  as the  f i e l d  i s  inc reased  t h e  number of e l e c t r o n s  

p e n e t r a t i n g  t h e  b a r r i e r  below t h e  Fermi l e v e l  i s  increased .  Alterna-  

t i v e l y ,  as can be  seen  i n  F igure  5, i n c r e a s i n g  the  temperature  i n c r e a s e s  

t h e  number of e l e c t r o n s  i n  t h e  energy l e v e l s  above t h e  Fermi l e v e l ,  

t h u s  s h i f t i n g  t h e  d i s t r i b u t i o n  toward h igher  energy l e v e l s .  
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The c u r v e s  are normal ized t o  equa l  
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I t  w a s  recognized by I .  B r ~ d i e ~ ~  tha t  i f  t he  other sources  

of hea t ing  and coo l ing  could  be ignored, t h e  Nottingham e f f e c t  would 

s t a b i l i z e  t h e  temperature  of t h e  emi t t i ng  s u r f a c e  t o  a temperature  

which was s o l e l y  dependent on the  e lectr ic  f i e l d .  

c a l l e d  t h e  c r i t i c a l  temperature  by L e ~ i n e , ~ ~  t h e  energy which t h e  

l a t t i c e  supp l i ed  f o r  t h e  e l e c t r o n s  emi t t ed  above t h e  Fermi l e v e l  is  

e x a c t l y  equal  t o  t he  energy rece ived  by t h e  l a t t i c e  f o r  e l e c t r o n s  

A t  t h i s  temperature ,  

emi t t ed  below the  Fermi l e v e l .  Thus i f  t he  temperature  of t h e  s u r f a c e  

i s  below the  c r i t i ca l  temperature  more e l e c t r o n s  are emi t ted  below t h e  

Fermi l e v e l  t han  above, g iv ing  rise t o  Nottingham hea t ing ,  which w i l l  

t end  t o  b r i n g  t h e  temperature  of t h e  surface t o  t h e  c r i t i c a l  tempera- 

t u r e .  Increas ing  t h e  electric f i e l d  inc reases  the number of e l e c t r o n s  

emi t t ed  below t h e  Fermi l e v e l  thus demanding t h a t  t he  inve r s ion  

tempera ture  inc rease .  

The Nottingham e f f e c t  can be formulated a s  fo l lows :  

o E  
NT = e (w+(p)D(w)N(E,w)dEdw 

-aa --co 

where the func t ions  D(w) and N(w) have t h e  same s i g n i f i c a n c e  as i n  

t h e  c u r r e n t  d e n s i t y  c a l c u l a t i o n .  However, account must be taken  of 

t h e  f a c t  t h a t  t h e  o r i g i n a l  e l e c t r o n  d i s t r i b u t i o n s  found by Fowler and 

Nordheim were d i s t r i b u t i o n s  of normal energy of t h e  e l e c t r o n  w i t h  

r e s p e c t  t o  t h e  b a r r i e r .  Young43 has cons idered  t h i s  and has reformu- 

l a t e d  t h e  supply f u n c t i o n  as a func t ion  of bo th  t o t a l  energy and of 

t h e  normal energy component of  t he  t o t a l  energy as: 
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temperature  d i s t r i b u t i o n  must be  f i t t e d .  The assumption t h a t  t h e  

Nottingham e f f e c t  is  s o l e l y  a s u r f a c e  e f f e c t  demands t h a t  t h e  t r a n s f e r  

of energy t o  and from t h e  metal l a t t i c e  occur very  near  t h e  su r face .  

There is  no experimental  j u s t i f i c a t i o n  f o r  t h i s  assumption. Indeed t h e  

energy t r a n s f e r  may occur  deep wi th in  the metal by a m u l t i p l e  s t e p  

t r a n s i t i o n  process .  I f  t h i s  were t h e  s i t u a t i o n  then  t h e  e f f e c t s  of 

t h e  Nottingham process  on the temperature  of t h e  s u r f a c e  and on t h e  

tempera ture  d i s t r i b u t i o n  i n  the p r o j e c t i o n  would be g r e a t l y  exaggerated.  

However, i n  t h e  absence of direct experimental  evidence i n  r ega rd  t o  

t h i s  po in t  w e  make t h e  assumption t h a t  t h e  process  occurs  a t  t h e  s u r f a c e  

a l lowing  us  t o  inc lude  the  Nottingham e f f e c t  as a boundary c o n d i t i o n  

r a t h e r  than  as a more mathematically cumbersome volume hea t ing  o r  

coo l ing  e f f e c t .  

It should be noted t h a t  c a l c u l a t i o n  of the  c r i t i ca l  t e m -  

p e r a t u r e  is  not dependent on where t h e  energy t r a n s f e r  takes p l a c e  

but  i s  only  a f u n c t i o n  of t h e  f i e l d  a t  t h e  s u r f a c e  and t h e  e l e c t r o n .  

The s t eady  s ta te  heat conduct ion equat ion:  
44 

where g(x,y,z)  is  t h e  source  func t ion .  

For r a d i a l  symmetry i n  a s p h e r i c a l  coord ina te  system and f o r  

t he  case of r e s i s t i v e  hea t ing  t h e  conduct ion equat ion  reduces t o  a 

second o r d e r  d i f f e r e n t i a l  equat ion as fo l lows:  

1 d 2 d T  -- ( r  -) = - e j2(r)  
r 

2 dr d r  K 

I 
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where p i s  t h e  r e s i s t i v i t y  of t h e  medium and K, t he  thermal  conduc- 

t i v i t y .  

emission s u r f a c e  and r t h e  l o c a t i o n  of t h e  emiss ion  s u r f a c e  t h e n  t h e  

d i f f e r e n t i a l  equat ion  assumes the f i n a l  form: 

I f  w e  le t  jo be  t h e  f i e l d  emission c u r r e n t  d e n s i t y  a t  the 

0 

4 

I t  should b e  noted t h a t  t h e  equat ion  may be  solved 

a n a l y t i c a l l y  f o r  t h e  case i n  which the r e s i s t i v i t y  and the thermal 

conduct ion a r e  not  func t ions  of t h e  temperature .  However, i n  t h e  

range  of i n t e r e s t  h e r e  t h e  r e s i s t i v i t y  v a r i e s  by a f a c t o r  of n e a r l y  

twenty and the  equa t ion  must b e  solved by numerical  means. 

The numerical  s o l u t i o n  is found by s t i p u l a t i n g  the  tempera- 

t u r e  and t h e  f i e l d  a t  the emission s i te .  The f i e l d  and t h e  tempera- 

t u r e  are s u f f i c i e n t  t o  s p e c i f y  the  Nottingham e f f e c t ,  and it i s  used 

t o  determine t h e  i n i t i a l  va lue  of t h e  dT/dr s i n c e  KdT/dr i s  t h e  energy 

t r a n s p o r t e d  ac ross  t h e  emission s i te  by t h e  Nottingham effect .  Thus 

the f i e l d  and the temperature  a t  t h e  emission s i t e  are used for ad- 

j u s t a b l e  parameters  i n  t h e  c a l c u l a t i o n  t o  f i n d  a p p r o p r i a t e  s o l u t i o n s  

which have as a maximum temperature t h e  melt ing po in t  of t ungs t en  and 

room temperature  a t  t h e  c o l d  end of the p r o j e c t i o n .  

Numerical Methods 

The numerical  i n t e g r a t i o n  of t h e  heat equa t ion  as w e l l  as 

t h e  tempera ture- f ie ld  emission and t h e  Nottingham e f f e c t s  was accom- 

p l i s h e d  us ing  t h e  methods developed by A .  Nordsieck. 45 I n  t h i s  
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method t h e  i n t e g r a t i o n  s t e p  s i z e  i s  c o n t r o l l e d  by the  i n t e g r a t i o n  

r o u t i n e  t o  a s s u r e  convergence t o  a s o l u t i o n  as w e l l  a s  t o  c o n t r o l  t h e  

i n t e g r a t e d  e r r o r .  

The e r r o r  s i z e s  were chosen so a s  t o  a s s u r e  a t  l e a s t  f o u r  

s i g n i f i c a n t  f i g u r e s .  In  t h i s  c a l c u l a t i o n ,  t h e  r e s i s t i v i t y  and t h e  

hea t  conduct ion w e r e  bo th  considered f u n c t i o n s  of t h e  temperature .  

The approximations used were found by t h e  methods p re sen ted  by  

H a s t  i ngs  . 46 

f i t t e d  t o  a t h i r d  order  polynomial t o  achieve  a n e a r l y  Chebyshev 

error of + .2 ohms/cm over the  range from 300 C t o  t h e  mel t ing  t e m -  

p e r a t u r e  of tungs t en .  Experimental va lues  of the thermal conduc t iv i ty  

are not  a v a i l a b l e  over t h i s  e n t i r e  range.  Thus r ecour se  had t o  be  

made t o  t h e  Wiedemann-Franz Rat io  t o  approximate t h e  thermal  conduc- 

t i v i t y .  A r a t i o  of t w o  th i rd-order  polynomials was chosen t o  f i t  t h e  

a v a i l a b l e  d a t a  of Langmuirlg and Holl iday and W ~ r t h i n g t o n . ~ '  

t empera ture  va lues  w e r e  determined by t h e  requirement t h a t  t h e  high 

tempera ture  l i m i t  r a t i o  approach the t h e o r e t i c a l  value48 of 

47 
I n  p a r t i c u l a r ,  t h e  experimental  d a t a  of Langmuir w e r e  

0 
- 

48 

The h igh  

Q O  

-8 -- 'A kA = 2.45X10 . 3 2  

The errors i n  the approximation f o r  t h e  c o e f f i c i e n t  of hea t  conduct ion 

when compared t o  the experimental  va lues  were random i n  na tu re .  

formula t ions  f o r  t h e  r e s i s t i v i t y ,  p, and thermal  conduc t iv i ty ,  K, used 

i n  the  c a l c u l a t i o n s  a r e :  

The 
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106p = -1.8851+23.6572T/(10 3 )+3.2696T 2 /(lo 6 )-.2325T 3 /(lo 9 ) . 

where L(T) = 

3.92108-2.1652OT/(1O3)-1.79225T 2 /(lo 6 )+2.45T 3 /(lo 9 

3 2 6 3 9 xlo ' 1.17466-.181691/(10 ) = 1.15563T / ( l o  )+T / ( l o  ) 

F i n a l l y ,  t h e  complete e l l i p t i c a l  i n t e g r a l s  were eva lua ted  

us ing  Has t ings  '46 formula t ion  which g i v e s  about s i x  decimal p laces  of 

accuracy  . 

Resu l t s  of t h e  Ca lcu la t ion  

The r e s u l t s  of t h e  c a l c u l a t i o n s  of t h e  temperature  d i s t r i b u -  

t i o n s  are summarized i n  Figures  7 and 8. I n  F igu re  7 i s  shown t h e  

c r i t i c a l  f i e l d  as a f u n c t i o n  of t h e  l e n g t h  and cone angle .  The c r i t i -  

ca l  f i e l d  i s  t h e  f i e l d  f o r  which some p o r t i o n  of t h e  p r o j e c t i o n  w i l l  

be  near  t h e  mel t ing  po in t .  Notice t h a t  t h e  a c t u a l  l e n g t h  of t h e  whisker 

does not  become important  u n t i l  the  cone ang le  becomes very  s m a l l .  For 

c o n i c a l  p r o j e c t i o n s  t h e  important parameter i s  t h e  e m i t t i n g  area. 

I n  F igure  8 w e  p re sen t  t h e  temperature  d i s t r i b u t i o n s  along 

one micron l eng th  p ro jec t ions  of va r ious  cone ang le s .  Notice t h a t  a t  

small  cone angles  t h e  d i s t r i b u t i o n  i s  approximately pa rabo l i c  as is  

t h e  case f o r  c y l i n d r i c a l  p ro j ec t ions .  However, as t h e  cone ang le  i s  

z 
i nc reased ,  t h e  d i s t r i b u t i o n  becomes a nea r ly  l/r l a w .  
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Figure 7. The Critical Field as a Function of the Length and Cone 
Angle. 
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Temperature Distribution along One Micron Length Projections 
as a Function of Various Cone Angles. All the cases are 
situations in which the maximum temperature is equal to the 
melting temperature. 
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I t  is  i n t e r e s t i n g  t o  n o t e  t ha t  t h e  average  breakdown f i e l d  

g ives  a c r i t i c a l  l e n g t h  f o r  a cy l inde r  of roughly 2 microns, a l e n g t h  

which i s  c o n s i s t e n t  w i t h  our  experimental  f i n d i n g s  and w i t h  those of 

L i t t l e  and Whitney. From the  con ica l  r e s u l t s  w e  n o t e  tha t  i f  break- 

down proceeds v i a  t h e  proposed mechanism, i t  must be  a s s o c i a t e d  w i t h  

p r o j e c t i o n s  of small cone angle .  

Concluding Discussibn 

The r e s u l t s  of t h e  c a l c u l a t i o n s  c l e a r l y  i n d i c a t e  t h e  p l aus i -  

b i l i t y  of t h e  t heo ry  t h a t  breakdown occurs  a t  or nea r  t h e  f i e l d  

necessary  t o  b r i n g  t h e  tempera ture  of  t h e  p r o j e c t i o n  t o  t h e  mel t ing  

po in t  of t ungs t en .  The curves  a l s o  i n d i c a t e  the reason  f o r  d e s c r i b i n g  

e lectr ical  breakdown as a f i e l d  phenomenon. S ince  t h e  experimental  

error of t h e  observa t ions ,  21x10 v/cm, encompasses n e a r l y  t w o  o r d e r s  

of magnitude of c r i t i c a l  l e n g t h  i n  the  c y l i n d r i c a l  case ,  t h e n  minor 

v a r i a t i o n s  i n  emitter geometry would r e q u i r e  only  i n s i g n i f i c a n t  

changes i n  t h e  f i e l d  t o  achieve  breakdown. 

7 

This  f a n t a s t i c  v a r i a t i o n  of t h e  c r i t i c a l  l e n g t h  w i t h  elec- 

t r i c  f i e l d  i s  a d i r e c t  consequence of t h e  equa l ly  f a n t a s t i c  v a r i a t i o n  

of c u r r e n t  w i t h  f i e l d .  I n  Figure 9 w e  p l o t  c u r r e n t  d e n s i t y  v e r s u s  

e lectr ic  f i e l d  f o r  three d i f f e r e n t  work func t ions .  I t  can be seen  

t h a t  f o r  a l l  substances,  a n  i n c r e a s e  of  f i e l d  a t  one o r d e r  of magni- 

t u d e  from 10 t o  10 volts/cm gives  r ise t o  as much as 20 o r d e r s  of 

magnitude i n c r e a s e  i n  cu r ren t  dens i ty .  I t  is therefore not  s u r p r i s i n g  

7 8 
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F i g u r e  9 .  Fowler-Nordheim Current Density a s  a Funct ion of Electr ic  
F i e l d .  Notice t h a t  one o r d e r  of magnitude change i n  e lec t r ic  
f i e l d  produces more than  fou r t een  o rde r s  of magnitude change 
i n  c u r r e n t  d e n s i t y .  
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t o  expect  something v i o l e n t  t o  occur  when one runs  i n t o  t h i s  b r i c k  

w a l l  of f i e l d  emission. 

W e  sugges t  t h a t  electrical breakdown i n  vacuum i s  a process  

i n  which a p r o j e c t i o n  on the  cathode s u r f a c e  is  hea ted  u n t i l  t h e  

e l e c t r o d e  becomes mechanical ly  uns t ab le  and the weakened m a t e r i a l  i s  

drawn i n t o  t h e  electrode gap under the  i n f l u e n c e  of t h e  s t r o n g  elec- 

t r i c  f i e l d s .  I n  t h i s  ci rcumstance the  f i e l d  emission c u r r e n t  w i l l  be 

f u r t h e r  enhanced s i n c e  the  f i e l d  w i l l  be  r a p i d l y  i n c r e a s i n g  due t o  

t h e  changing geometry. The enhanced c u r r e n t  t hen  a l lows  f o r  more 

h e a t i n g  of t h e  material l ead ing  t o  f u r t h e r  c u r r e n t  bu i ldup .  The f i e l d  

emiss ion  process  then  p resen t s  a s e l f - c o n s i s t e n t  p i c t u r e  of e l e c t r i c a l  

breakdown i n  which no r ecour se  i s  made t o  t h e  u s e  of a d j u s t a b l e  

parameters  t o  f i t  experiment t o  theory.  
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Dlrecrar of E n g i n e e r i n g  h Appl ied  P h y s i c s  
210 Pierce H a l l  
Harvaid  U n i v e r s i t y  
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6767 H o l l i s t e r  Avenue 
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E l e c t r i c a l  E n g i n e e r i n g  ~ p a r m e n t  
Pasadena ,  C a l i f o r n i a  

Space Technology Labs . ,  Inc. 
One Space Park  
Redondo Beach, C a l i f o r n i a  
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S R  T e c h n i c a l  L i b r a r y  

The Rand Corporation 

see Propulsion L.borstory 

1700 Main S&ee 

A t m :  L i b r a r y  
santa Monica, Ca1ifor" ia  

Miss F. Cloak  
Radio Carp. o f  America 
R U  L a b o r a t o r i e s  
David S a r n o f f  Research  Center  
W i n c e t o n ,  New J e r s e y  

Hr. A. A. Lvndr l ron  
B e l l  Te lephone  L a b o r a t o r i e s  
Room 2E-127 
Whippany Road 
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C o r n e l l  A e r o n a u t i c a l  Labora tory .  I n c  
4455 Genesee street 
B u f f a l o  21 ,  New York 
AfLn: J .  P .  Desmond, L i b r a r i a n  

s p e r r y  Gyrahcope company 
Marine D i v i s i o n  L i b r a r y  
155 Glenn Cove Road 
C a r l e  Place, L. I . ,  New York 
Arfn: Miss  Barbara  Judd 

L i b r a r y  
L i g h t  M i l i t a r y  E l e c t r o n i c s  Dcpc. 
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Armament h C a o f r o l  P r o d u c t s  S e c t i o n  
Johnson C i t y ,  New York 

Ix. E. Howard Half 
DLrCCtOC 
Plasma Research  L a b o r a t o r y  
Rennselaer P o l y t e c h n i c  I n s t i t u t e  
Troy ,  New York 

Baftrle-DEFENDER 
BaLLelle Memorial 1"STifYLe 
505 King Avenue 
Columbus 1 ,  Ohio 

L a b o r a t o r y  f o r  Ele~fro8~len~e Research  
New York U n i v e r s i t y  
Uniuerc l l ty  H e i g h r s  
Bronx 53, N e w  York 

N a t i o n a l  P h y s i c a l  L a b o r a t o r y  
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England  
Act": Dr. A. M. U t t l e y ,  S u p e r i n t e n d e n t ,  

Auronomica D i v i s i o n  

Dr. Lee Huff  
B e h a v i o r a l  Sciences 
Advanced Research  Projects Agency 
The P e n t a l o n  (Room 3E175) 
Washington ,  D. c.  20301. 

Dr. Glenn L. Bryan 
Head, Personnel and T r a i n i n g  Branch  
O f f i c e  o f  Naval Research  
Navy DCparment  
Washington ,  D. c. 20360 

I n a t i t u t o  d e  F i i i c a  Apl icado  
"L. Torres puevedo" 
High  Vacuum L a b o r a t o r y  
Madr id ,  S p a i n  
A r m :  J o s e  L. d e  Segovia 

S t a n f o r d  Research  I n s t i t u t e  
Arm: G-037 E x t e r n a l  Repor ts  

Menlo P a r k .  C a l i f o r n i a  94025 
( f o r  J .  Goldberg)  
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